Malignant gliomas are the most common primary brain tumors, and are associated with frequent resistance to therapy as well as poor prognosis. Here we demonstrate that the nuclear receptor tailless (Tlx), which in the adult is expressed exclusively in astrocyte-like B cells of the subventricular zone, acts as a key regulator of neural stem cell (NSC) expansion and brain tumor initiation from NSCs. Overexpression of Tlx antagonizes age-dependent exhaustion of NSCs in mice and leads to migration of stem/progenitor cells from their natural niche. The increase of NSCs persists with age, and leads to efficient production of newborn neurons in aged brain tissues. These cells initiate the development of glioma-like lesions and gliomas. Glioma development is accelerated upon loss of the tumor suppressor p53. Tlx-induced NSC expansion and gliomagenesis are associated with increased angiogenesis, which allows for the migration and maintenance of brain tumor stem cells in the perivascular niche. We also demonstrate that Tlx transcripts are overexpressed in human primary glioblastomas in which Tlx expression is restricted to a subpopulation of nestin-positive perivascular tumor cells. Our study clearly demonstrates how NSCs contribute to brain tumorgenesis driven by a stem cell-specific transcription factor, thus providing novel insights into the histogenesis and molecular pathogenesis of primary brain tumors.
The subventricular zone olfactory bulb (SVZ-OB) system is the major site where neurogenesis takes place in the adult mammalian brain. Neural stem cells (NSCs) corresponding to astrocyte-like type B cells in the adult SVZ give rise to transient amplifying type C cells, which in turn differentiate into type A cells (neuroblasts) that migrate to the OB through the rostral migratory stream (RMS) and then become mature local interneurons (Alvarez-Buylla and Garcia-Verdugo 2002) . The SVZ has long been suggested as the site of origin of gliomas (Smyth and Stern 1938; Globus and Kuhlenbeck 1942; Vick et al. 1977) . Recent studies suggested that a small subpopulation of tumor cells, the so-called brain tumor stem cells (BTSCs), are responsible for driving the growth of malignant gliomas (Ignatova et al. 2002; Hemmati et al. 2003; Singh et al. 2003 Singh et al. , 2004 Galli et al. 2004) . Furthermore, BTSCs have been implicated in the intrinsic resistance of gliomas to radiation therapy, since these cells may preferentially activate the DNA damage checkpoint in response to ionizing radiation (Bao et al. 2006a ). Similarities in expression profiles and functional properties between BTSCs and NSCs (Vescovi et al. 2006 ) support the idea that gliomas may arise from the SVZ NSCs.
On the basis of increasing knowledge of important tumor suppressors and oncogenes in brain tumors, genetically modified mouse models have been developed to explore the functional roles of genetic alterations found in human patients (Fomchenko and Holland 2006) . Genetic modifications targeted to neural stem/progenitor cells have been suggested as an efficient means to induce gliomas in vivo (Holland et al. 2000; Zhu et al. 2005) . The latter analysis, based on mutations in the NF-1 and p53 gene using GFAP-driven Cre recombinase, in particular, suggests that gliomas originate from NSCs (Zhu et al. 2005) . However, none of those animal studies has shown that malignant gliomas arise directly from multipotent NSCs (Stiles and Rowitch 2008) . Recently, it was reported that nestin-expressing cells are the origin of tumors using mutations in the p53 and NF-1 gene generated by a nestin gene-dependent Cre recombinase fused with the modified ligand-binding domain of the estrogen receptor CreERT2 (Alcantara Llaguno et al. 2009 ). It should be remembered, however, that the nestin gene is expressed in stem and progenitor cells as well as in the quiescent ependymal cells (Doetsch et al. 1997) .
The orphan nuclear receptor tailless (Tlx, NR2E1) is expressed in the periventricular neurogenic zone during mouse embryonic development (Monaghan et al. 1995) . Tlx mutant animals survive, but suffer specific anatomical deficits in the cortex and the limbic system and lack adult NSCs (Monaghan et al. 1997; Shi et al. 2004 ). We showed recently that Tlx is expressed exclusively in astrocyte-like B cells in the adult SVZ, which strongly suggests that the Tlx promoter is a useful tool to introduce genetic modifications specifically into NSCs. Inactivation of the Tlx gene in the adult SVZ leads to loss of the self-renewal ability of adult NSCs (Liu et al. 2008) , suggesting that Tlx is a key regulator of NSC maintenance. Strikingly, a series of studies based on gene expression profiling showed that Tlx is overexpressed in various types of human brain tumors, including astrocytomas and ependymomas (Taylor et al. 2005; Modena et al. 2006; Phillips et al. 2006; Sim et al. 2006; Sharma et al. 2007; Parsons et al. 2008) . However, none of these studies investigated the role of Tlx in glioma formation. We and others have shown that the tumor suppressor Pten (phosphatase and tensin homolog), which is frequently mutated in malignant gliomas, is a direct target of Tlx (CL Liu et al. 2008 ). This finding, together with the role of Tlx in adult NSCs, suggests that Tlx may play an important role in brain tumor initiation from the SVZ.
In this study, we demonstrate that NSC-specific overexpression of Tlx using bacterial artificial chromosome (BAC)-based technology is sufficient to induce NSC expansion and glioma-like lesions in the adult mouse brain. These lesions progress to invasive gliomas when p53 function is additionally inactivated. In addition, we provide evidence that Tlx is overexpressed, and that its gene, NR2E1, is increased in copy number in a fraction of primary glioblastomas from patients. These findings also suggest an important role of Tlx in glioma pathogenesis and BTSC biology.
Results

Generation of Tlx-overexpressing (Tlx-OE) mice
To investigate the consequences of Tlx overexpression, we used BAC-based transgenesis for generation of Tlx-OE mice. The BAC contains 104 kb of 59 flanking sequences and 22 kb of 39 flanking sequences of the Tlx gene, and no other gene was found in this BAC (Liu et al. 2008) . We assayed four lines with different copy numbers of the transgene-two lines with one copy, and two lines with two copies (Southern blot) (data not shown). The brains of the +1 copy line are indistinguishable from wild-type littermate mice, but both of the +2 copy lines lack part of the septum (Supplemental Fig. S1 ), which implies that this phenotype is not caused by the integration of the transgene. Tlx has been shown to be involved in patterning during forebrain development (Stenman et al. 2003) , which may explain the septum phenotype. In this study, we focus on the phenotype of Tlx overexpression in the adult brain. To measure the expression level of Tlx mRNA in different lines, we performed real-time PCRbased gene expression analysis using RNA isolated from the SVZ dissected by laser-captured microdissection (Liu et al. 2008) . Tlx mRNA expression levels in the SVZ showed copy number dependence between different lines (Fig. 1A) . Immunohistochemical (IHC) analysis in the adult mouse SVZ using a Tlx-specific antibody revealed stronger expression in the line with two additional copies (indicated as Tlx-OE) (Fig. 1B) . We showed that Tlx is expressed exclusively by astrocyte-like B cells in the SVZ of the adult mouse brain (Liu et al. 2008 ). Here we demonstrate that GFAP, which is a B-cell-specific marker in the adult SVZ (Doetsch et al. 1999) , is coexpressed with Tlx in the SVZ of Tlx-OE mice (Supplemental Fig. S2A , arrows). NG2 and olig2 have been reported to be expressed in type C cells that can give rise to neurons and oligodendrocytes, respectively (Aguirre et al. 2004; Menn et al. 2006) . We demonstrate that Tlx expression in Tlx-OE mice is still restricted to the type B cells. We did not observe any colocalization of Tlx and these two C-cell markers in the SVZ of adult Tlx-OE mice (Supplemental Fig. S2B,C) . As cell markers, doublecortin (DCX) and polysialylated neural adhesion cell molecules (PSA-NCAM) were used to identify whether Tlx is expressed in A cells in Tlx-OE mice (Doetsch et al. 1997 ). None of Figure 1 . Characterization of Tlx-OE mice. (A) Quantitative PCR analysis of Tlx mRNA in microdissected SVZ cells of wildtype and transgenic mice with one or two additional Tlx gene copies. Note that expression of Tlx mRNA is correlated with the copy number of the Tlx gene (n = 3, mean 6 standard deviation [SD] Fig. S2D ,E). Platelet-derived growth factor receptor-a (PDGFRa) was found to be expressed in a subpopulation of type B cells (Jackson et al. 2006) . We found that some of the PDGFa-expressing cells also express Tlx in Tlx-OE SVZ, suggesting that Tlx is also expressed by these type of B cells (Supplemental Fig. S2F, arrows) . These results again demonstrate overexpression of the Tlx gene in a manner expected from the endogenous gene. Histological analysis of the brain from Tlx-OE mice showed a higher cell density in the SVZ (Fig. 1C) , suggesting an increase in cell proliferation. To investigate whether the transgene is functional, like the endogenous Tlx gene, we bred the Tlx-OE mice into the Tlx-null (Tlx À/À ) mouse background (Monaghan et al. 1997 ). Tlx-OE;Tlx À/À mice displayed a phenotype indistinguishable from wild-type mice, with the size and histology of the brain being identical to wild-type mice ( Fig. 1D ; data not shown).
Overexpression of Tlx leads to an increase of NSC number and of neurogenesis in the adult brain
To analyze stem/progenitor cell behavior upon Tlx overexpression in vivo, we first followed cell proliferation by Ki67, an established proliferation marker, to analyze stem/progenitor cell proliferation in the mutant mice. We found that the Ki67 + cell number is increased in the SVZ of Tlx-OE mice ( Fig. 2A) , which indicates increased proliferation caused by Tlx overexpression in astrocytelike B cells. To confirm these results, Tlx-OE and control adult mice were injected with bromodeoxyuridine (BrdU) and sacrificed 2 h after injection, and BrdU + cells were counted in the SVZ. The number of BrdU + cells in the Tlx-OE SVZ was almost twofold higher than in wild-type mice (Fig. 2B) , which suggests that Tlx is a positive regulator of cell proliferation. We also found a significant increase of BrdU + cells in the one-copy transgenic line (data not shown), which confirms the findings from the Tlx-OE mice. The SVZ NSCs give rise to transient amplifying type C cells, which in turn differentiate into type A cells (neuroblasts) that migrate to the OB through the RMS (Alvarez-Buylla and Garcia-Verdugo 2002). We further analyzed the proportion of Ki67 + cells in the wildtype and Tlx-OE adult mouse SVZ by staining with GFAP, DCX costained with Ki67. No significant changes were found in the percentage of proliferating B, A, and C cells ( Fig. 2C; Supplemental Fig. S3 ). To investigate whether overexpression of Tlx in NSCs affects the neurogenic process in the SVZ-OB system, DCX, a type A cell marker, was used to study the consequence of Tlx overexpression in B cells. We found that the number of DCX + cells was increased significantly in both the SVZ and the OB RMS of Tlx-OE mice (Fig. 2D,E) , indicating an increase of adult neurogenesis in the SVZ-OB system by Tlx overexpression in NSCs. This result also suggests that overexpression of Tlx does not block the differentiation of the SVZ NSCs in vivo.
We showed that overexpression of Tlx in NSCs leads to an increase of cell proliferation in the adult SVZ. However, it remains unclear whether the number of NSCs is increased consecutively. Several studies reported that the slowly dividing, label-retaining cells (LRCs) correspond to the resident stem cell population (Bickenbach 1981; Morris and Potten 1994; Jackson et al. 2006) . Therefore, BrdU was administered in the drinking water for 1 wk and then removed for 3 wk. This is sufficient time for the labeled C and A cells to migrate to the OB (Jackson et al. 2006; Colak et al. 2008) . In this experiment, the line with one additional copy was also included. We found a significant increase of BrdU + cells in the SVZ of Tlx-OE mice by IHC analysis (Fig. 2F) . Interestingly, the NSC number was correlated with Tlx copy number, which provides strong evidence that Tlx controls NSC number in vivo. To prove that the LRCs are indeed NSCs in vivo, we performed Tlx/GFAP/BrdU triple staining on those sections obtained from Tlx-OE mice. We found that most of the LRCs are Tlx/GFAP double positive, which indicates that they are B cells (Supplemental Fig. 4A ). We did not see Tlx-negative cells, but GFAP/BrdU-positive cells, indicating that these cells are not nonneurogenic astrocytes. They are negative for DCX and NeuN, suggesting that they are neither immature nor mature neurons (Supplemental Fig. 4B,C) . To confirm the results by an independent method, we performed the neurosphere assay, which has been suggested to reflect NSC number in vitro (Reynolds and Weiss 1992) . In line with the in vivo data, we found a significant increase in the primary neurosphere frequency in Tlx-OE mice (Fig. 2G) . We also found more neurospheres formed from single dissociated Tlx-OE neurospheres, suggesting an increased self-renewal ability in vitro (Fig. 2H) . Interestingly, the size of neurospheres from Tlx-OE mice was bigger as compared with those from wild-type mice (Fig. 2I,J) . The percentage of Tlx-expressing cells (15.2% 6 4.3%) among individual neurospheres in the Tlx-OE mice was higher than in the control mice (6.4% 6 3.2%) (Fig. 2K) , which suggests an increase in NSC number in the single neurosphere caused by Tlx overexpression. The low percentage of Tlxexpressing cells in the neurosphere reflects the very heterogeneous nature of neurospheres. Thus, based on the above results, we conclude that Tlx controls NSC number in vivo and in vitro by promoting self-renewal of NSCs, thereby underscoring the importance of Tlx for NSC biology in the adult SVZ, which we described previously (Liu et al. 2008) .
Tlx represses transcription of target genes by binding to promoter sequences containing the binding site of Tlx (Yu et al. 1994; CL Zhang et al. 2006) . We showed that loss of Tlx leads to up-regulation of Pten, one of the Tlx target genes (Liu et al. 2008) . Recently, another study suggested p21, a cyclin-dependent kinase inhibitor, as a target gene of Tlx (Sun et al. 2007 ). To investigate further the molecular pathways that contribute to the Tlx-OE phenotype, we performed real-time PCR-based gene expression analysis by using the SVZ obtained with laser-captured microdissection (Fig. 2L ). We found that epidermal growth factor receptor (EGFR), PDGFRa, Hes1, GPR56, Bmi1, and cyclin D2 (Ccnd2) are up-regulated in the Tlx-OE mice, but PTEN, p21, p57, and Prox1 are down-regulated.
We did not observe any changes with Pax2, Ink4a, and Arf expression, indicating that Tlx does not interfere with these genes in the adult SVZ (more discussions are in the Supplemental Material).
Tlx overexpression-induced NSC expansion persists in aging animals
An important issue in adult stem cell biology is the balance between proliferation and self-renewal. Several genetic models have suggested that increased proliferation results in stem cell exhaustion (Kippin et al. 2005; Orford and Scadden 2008) . To investigate whether Tlx overexpression-induced NSC expansion persists through life, we analyzed neurogenesis in the SVZ in Tlx-OE and littermate control mice during the aging process. Fourmonth-old, 17-mo-old, and 24-mo-old mice were chosen for the experiment, and Ki67 and DCX staining was performed and analyzed. Seventeen-month-old and 24-moold Tlx-OE mice consistently showed higher proliferation Mice received BrdU continuously in the drinking water for 1 wk, followed by a 3-wk survival period. Fifty-micron coronal sections were stained with BrdU, and BrdU-positive cells were counted as described above (n = 4, P < 0.05, mean 6 standard deviation [SD] ). (G) Fold change of primary neurosphere frequency. Neurosphere cultures were prepared as described in the Materials and Methods, and the number of primary neurospheres was determined (n = 3, P < 0.05, mean 6 standard deviation [SD] ). (H) Indvidual primary neurospheres were dissociated and plated into neurosphere culture medium (one sphere per well), and the number of secondary neurospheres were counted and are presented as number of spheres per single sphere (n = 3, P < 0.05, mean 6 standard deviation [SD] ). (I) The size of primary neurospheres derived from the SVZ of Tlx-OE mice is bigger than in wild-type (WT) mice. (J) Percentage of neurospheres with different sizes among the total number of neurospheres. Neurospheres were categorized according to their diameter, and the percentage of different categories (50-100 mm, 100-250 mm, and >250 mm) among the total populations was quantified (at least 200 neurospheres were measured for each mouse, n = 3). (K) Tlx antibody staining of neurospheres. Note that more Tlx-expressing cells are found in neuropheres derived from Tlx-OE mice (n = 3, P < 0.05, mean 6 standard deviation [SD] ). (L) Quantitative PCR analysis of EGFR, PDGFRa, HES1, GPR56, PTEN, p21 (Waf1), Pax2, Prox1, P57, Ink4a, Arf, Bmi1, and Ccnd2 mRNA expression in microdissected SVZ cells of the adult SVZ of wild-type and Tlx-OE mice (n = 5, P < 0.05, mean 6 standard deviation [SD] ). than wild-type mice (Fig. 3A) . Interestingly, DCX staining indicated that neuroblasts were migrating into the striatum in 17-mo-old Tlx-OE mice, that the number of misplaced DCX-positive cells increased dramatically in 24-mo-old Tlx-OE mice, and that misplaced DCX-positive cells were not found in wild-type mice (Fig. 3B) . The distribution of Ki67-positive cells in the striatum of 24-mo-old Tlx mice suggested that these cells were also proliferating (Fig. 3A) . Quantification of the proliferation data demonstrated that the increased proliferation in the SVZ of Tlx-OE mice persists during aging; however, not at the same rate as compared with young mice (Fig. 3C) . The decrease in proliferation rate in Tlx-OE mice from 17 mo to 24 mo was lower than in wild-type mice (Fig. 3C) . We therefore analyzed expression of Tlx in the 24-mo-old mice. Only a few cells express Tlx in the SVZ of wild-type mice, and more Tlx-positive cells were found in the Tlx-OE SVZ (Fig. 3D) , which suggests that there are more stem cells. Taken together, these results demonstrate that Tlx-OE NSCs do not get exhausted as easily during aging in Tlx-OE as compared with wild-type mice.
To investigate whether the ectopic progenitors contribute to new neurons in the striatum, a BrdU feeding experiment was performed on 24-mo-old animals, and mice were analyzed for BrdU and NeuN costaining 7 wk after withdrawal of BrdU-containing water. Newborn neurons were rarely seen in age-matched wild-type mice (Fig. 3E , arrows). In contrast, many newborn neurons were found in Tlx-OE mice, suggesting that the ectopically distributed progenitors differentiated into mature neurons (Fig.  3E , arrows).
Tlx overexpression leads to spontaneous development of glioma-like lesions and gliomas
Tlx overexpression leads to an increased number of adult NSCs, which, together with the observed overexpression of the gene in brain tumors (Taylor et al. 2005; Modena et al. 2006; Phillips et al. 2006; Sim et al. 2006; Sharma et al. 2007 ), led us to analyze the consequences of Tlx overexpression in these mice. Brains from young Tlx-OE mice did not show any tumor-like lesions, but some aged mice (>9 mo) developed tumor-like lesions arising out of the SVZ (five of 14 mice showed such lesions). The lesions demonstrate a higher cell density than normal brain tissue (Fig. 4A, arrows) , and the cells within the lesions express the type A cell marker DCX, suggesting that these cells have a high migratory ability. These precursor lesions express GFAP (Fig. 4B) , a stem cell marker in the SVZ that is also expressed in normal and reactive astrocytes as well as in glioma cells. The lesions are highly proliferating, as shown by Ki67 and DCX coexpression (Fig. 4C ). In the striatum of Tlx-OE mice, we found small clusters of cells that are DCX-positive (Fig. 4A, arrows) and had migrated out of the SVZ into the striatum. The lesions showed some of the characteristics of infiltrative gliomas, with cells migrating along white matter tracts (Fig. 4D, arrows) and forming satellitosis-like perineuronal structures (Fig. 4E, arrow) . We also performed NG2 and PDGFa staining of the lesions costained with DCX, which are present in some stem/progenitors of the SVZ-OB neurogenic lineage. Some of the cells in the lesions express those two markers, although they are not coexpressed with DCX (Supplemental Fig. S5 ). Some of the lesions progress into astrocytomas in >2-yr-old mice (Fig.  4F,G ). In our model, the effect of the genetic alteration occurs only in astrocyte-like B cells, suggesting that the glioma-like lesions arise directly from Tlx-OE NSCs. However, the majority of the Tlx-OE mice do not develop macroscopic gliomas in the period analyzed, possibly reflecting that multiple mutations are required for the induction and progression of brain tumors in vivo (Holland et al. 1998 ).
Overexpression of Tlx leads to glioma formation upon loss of p53
Mutation of the tumor suppressor gene p53 is a frequent event in human gliomas, in particular in diffuse astrocytic gliomas, including glioblastomas (Louis 1994) . The Cancer Genome Atlas data demonstrate that p53 mutation is a very common event in human glioblastomas (The Cancer Genome Atlas Research Network 2008). The genetic inactivation of p53 in mice itself does not lead to spontaneous glioma formation (Donehower et al. 1992; Jacks et al. 1994) . However, loss of p53 in combination with other genetic modifications has been used to generate mouse glioma models (Fomchenko and Holland 2006) . Although a recent study suggests that p53 deletion via a human GFAP promoter-driven Cre recombinase leads to brain tumor formation (Wang et al. 2009 ), we did not find any brain tumors in our littermate p53 À/À mice. Anticipating that loss of p53 in combination with Tlx overexpression will lead to earlier brain tumor formation, Tlx-OE mice were bred into the p53 À/À background, and Tlx-OE;p53 À/À mice were analyzed with littermate p53
as controls. In addition, we did not find any brain tumor formation in mice that have an adult NSC-specific inactivation of p53 (H-K Liu and G Schü tz, unpubl.).
To investigate the effect of p53 loss in NSCs of the SVZ of Tlx-OE mice, we analyzed the proliferation of SVZ cells and found a higher fraction of Ki67 + cells in the SVZ of 8-wk-old Tlx-OE;p53 À/À mice as compared with wildtype and Tlx-OE mice. Interestingly, some Ki67
+ cells in the Tlx-OE;p53 À/À mice had migrated out of the SVZ into the striatum (Fig. 5A, arrows) . This phenotype was confirmed by BrdU incorporation experiments (Fig. 5B,  arrows) . In contrast, p53 À/À mice did not show migration of proliferating cells out of the SVZ, which is consistent with a previous report ). To investigate the identity of these migratory cells, we performed Ki67 and DCX double staining and found that a large number of DCX-expressing cells also expressed Ki67 outside of the SVZ in the Tlx-OE;p53 À/À mouse brain (Fig. 5C, arrows) . Interestingly, hyperproliferative lesions characterized by increased cellular density and higher expression of Ki67 were found frequently in Tlx-OE;p53 À/À mice (Fig. 5D ). Some of these lesions developed into small tumors, and the tumor cells became invasive during further progression, as indicated by IHC analysis (Fig. 5E) .
Some 2-mo-old Tlx-OE;p53 À/À mice already developed gliomas (Fig. 5E, panel a) , with cells at the border of tumors invading the neighboring regions (Fig. 5E , panel a, arrows; Supplemental Fig. S6A ,B, arrows). All Tlx-OE;p53 À/À mice older than 5 mo carried glioma lesions (n = 16), with nine animals demonstrating multifocal manifestations. The tumors are mostly WHO grade I-III astrocytomas. Some tumors obtained from 7-mo-old mice developed features of high-grade astrocytomas; for example, nuclear atypia (Supplemental Fig. S6C , arrows) and pseudopalisading necrosis (Supplemental Fig. S6D ). These findings suggest that development of grade IV brain tumors may need a longer time period until cells acquire additional genetic alterations. Some of the tumors accumulated cells at the pial surface of the cortex (Fig. 5E, panel b) . The tumors were composed of relatively small, partially GFAP-positive cells with a high Ki67 labeling index (Fig. 5E, panels c,d ). The invasive tumor cells at the tumor border are highly proliferating, as indicated by Ki67 staining (Fig. 5E, panel e) . Only a minor subpopulation of the tumor cells expressed Tlx (Fig. 5E , panel f), in line with the low percentage of BTSCs in brain tumors. Expression of the neuronal marker NeuN in the tumor tissue was restricted to individual entrapped neurons, while the tumor cells were NeuN-negative (Fig. 5E, panel g, arrows) . In the infiltration zone, tumor cells formed perineuronal satellitoses around resident NeuN-positive neurons (Fig. 5E, panel h, arrows) . Mash1, a neural progenitor marker, is also expressed by Tlxinduced tumors, and there are more Mash1-positive cells than Tlx-positive cells, suggesting an enriched progenitor population in the tumors (Fig. 5E, panel i) . Immunohistochemistry revealed increased P-Akt staining in the tumors, suggesting aberrant activation of the Pten/Pi3k/Akt pathway (Fig. 5E, panel j) , consistent with Tlx being a repressor of PTEN gene transcription. The Tlx-induced tumors were strongly positive for nestin (Fig. 5E, panel k) , suggesting a high percentage of tumor cells with progenitor cell-like phenotypes. At the border of tumors, DCX was highly expressed, reflecting the invasive properties of these cells (Fig. 5E, panel l) .
Angiogenesis-mediated stem cell invasion may lead to the multifocal pathology of tumors
The initiation of gliomas in Tlx-OE;p53 À/À mice suggests that Tlx is a crucial regulator of brain tumor initiation from NSCs of the adult SVZ. Only limited regions contain NSCs in the adult mammalian brain. Gliomas have the very characteristic feature that they are highly invasive, displaying an infiltrative growth pattern (Scherer 1940) . Notably, SVZ cells in our mouse model show strong migratory ability, as indicated by DCX-and Ki67-expressing cells outside of the SVZ. DCX has been suggested to be expressed preferentially by invasive glioma cells (Daou et al. 2005) . A detailed histological analysis showed the infiltrative growth of tumor cells out of the SVZ (Fig. 6A, arrows) . These invasive cells were proliferating, as reflected by Ki67 expression (Fig. 6B) , and were frequently associated with vessels, as indicated by their spatial proximity to endothelia (Fig. 6B, inset,  arrow) . DCX was expressed strongly in these cells, in line with their migratory activity (Fig. 6C) . We also found some Tlx-positive but DCX-negative cells around the lesion (Fig. 6D, arrows) , indicating that Tlx-positive stem cells possibly migrate away from the SVZ under certain conditions.
It was demonstrated that BTSCs are also located in a perivascular niche (Calabrese et al. 2007 ) and induce angiogenesis via activating VEGF signaling (Bao et al. 2006b ). The association of tumor lesions with blood vessels suggests that the angiogenic pathway is involved in this process. As a major regulator for angiogenesis, VEGFR2 has been implicated in adult SVZ neurogenesis (Jin et al. 2002) . It has been shown that Tlx regulates the angiogenic process during retinal development, and the expression of VEGFR2 is strongly down-regulated in the Tlx À/À retina (Uemura et al. 2006) . In line with these observations, we found that the expression of VEGFR2 is up-regulated in the SVZ of Tlx-OE mice (Fig. 6E) . To better illustrate the distribution of Tlx-expressing cells in the adult SVZ, CD31, an endothelial marker, was used for costaining with Tlx. We found that Tlx-expressing cells are distributed preferentially in the vascular niche, and we frequently found more vascular structures in the SVZ of Tlx-OE mice (Fig. 6F) . Additional analysis of the distance between Tlx-expressing cells and vessels indicates that most of the Tlx-expressing cells are distributed close to the vascular niche in the wild-type SVZ (Fig. 6G) , which is consistent with previous reports (Ninkovic and Gotz 2007; Shen et al. 2008; Tavazoie et al. 2008 ). We Cold Spring Harbor Laboratory Press on January 25, 2018 -Published by genesdev.cshlp.org Downloaded from further measured microvessel density in the Tlx-OE SVZ, and more vessels were found compared with the wildtype SVZ (Fig. 6H ). Further analyses demonstrate that a higher density of blood vessels was also detectable close to the SVZ in the Tlx-OE;p53 À/À mouse brain (Fig. 6I) . The SVZ cells migrated toward and along the vessels (Fig.  6I, inset, arrows) . The vessels were also highly VEGFR2-positive (Fig. 6J) . Using CD31 and costaining for BrdU, we obtained direct proof of in vivo angiogenesis (Fig. 6K,  arrow) . This alteration was not found in the SVZ of wildtype mice, which is consistent with previous studies (Shen et al. 2008; Tavazoie et al. 2008) . Increased VEGFR2 expression was confirmed in neurospheres derived from Tlx-OE;p53 À/À mice and p53 À/À mice (Fig. 6L ). DCX and CD31 costaining indicates association of the migrating cells with blood vessels (Fig. 6M, arrows) . It has been reported that the BTSCs are located in a perivascular niche (Calabrese et al. 2007 ). Interestingly, we observed by Tlx and CD31 staining that Tlx-expressing cells at the border of the tumors were also located in a perivascular niche (Fig. 6N, arrows) . In conclusion, our results strongly indicate that brain tumor-initiating cells leave the SVZ and generate a new niche for their maintenance and growth in vivo.
Tlx expression in human gliomas
We demonstrated above in a mouse model that Tlx is a crucial regulator for glioma initiation. Several recent studies reported that Tlx is overexpressed in subsets of human brain tumors (Taylor et al. 2005; Modena et al. 2006; Phillips et al. 2006; Sim et al. 2006; Sharma et al. 2007 ). Expression of NR2E1 (Tlx) assessed in a set of 63 malignant astrocytomas by oligonucleotide hybridization revealed an elevated level of hybridization in a subset of tumors compared with normal brains (Fig. 7A) . In particular, in nine of 41 primary glioblastomas, expression was increased. The same set of tumors was analyzed by array comparative genomic hybridization (arrayCGH) for genome-wide DNA copy number alterations. Two of the nine glioblastomas with elevated NR2E1 mRNA levels showed gains in the NR2E1 gene copy number, one of À/À mice were stained with Tlx and CD31. Note that Tlx-positive cells are also located in a perivascular niche (arrows). which was a high-level copy number gain of a confined region containing NR2E1 (Fig. 7B) . Elevated expression of NR2E1 in comparison with a reference pool of cell lines was also reported recently in the data set on glioblastoma from the Cancer Genome Atlas Consortium (see http:// tcga.cancer.gov/dataportal/data/about).
We showed that Tlx is expressed exclusively by the astrocyte-like stem cells in the adult mouse SVZ (Liu et al. 2008) . Accordingly, immunostaining of human glioblastoma sections revealed that only a small population (11.2% 6 4.3%) of the nestin-positive cells coexpressed Tlx (Fig. 7C, arrows) . A perivascular niche has been suggested to be important for the maintenance of BTSCs (Calabrese et al. 2007 ). We showed that Tlx stimulates angiogenesis to create a new niche for the maintenance of stem cells in our mouse model. Compatible with this conclusion, we found by Tlx and CD31 costaining that Tlx-expressing cells in glioblastomas are located in a perivascular niche ( Fig. 7D; Supplemental Fig.  S7C ).
Discussion
Tlx regulates NSC number in vivo and in vitro
We reported previously that Tlx heterozygous mice exhibit less neurogenesis in the adult SVZ (Liu et al. 2008 ). Here we demonstrate that the number of LRCs-that is, the resident NSCs-is correlated with Tlx gene copy number. As a consequence, we find increased neurogenesis in the Tlx-OE adult SVZ-OB. We and others have shown that Tlx inhibits expression of Pten by binding to the promoter of the Pten gene (CL Liu et al. 2008) . Pten has been reported to be a negative regulator of NSC self-renewal and proliferation in the fetal brain (Groszer et al. 2001 (Groszer et al. , 2006 . We demonstrate here that Pten is repressed by Tlx overexpression in NSCs, implying that Tlx promotes selfrenewal of NSCs by inhibiting the Pten/Pi3k/Akt pathway. However, loss of Pten function in adult NSCs does not lead to preneoplastic lesions (H-K Liu and G Schü tz, unpubl.), which suggests that additional pathways are affected by Tlx overexpression.
It has been shown that the Notch signaling pathway regulates NSC number in vivo and in vitro (AndroutsellisTheotokis et al. 2006) . Interestingly, we found that Hes 1, a key regulator in the Notch pathway, is up-regulated in Tlx-OE NSCs. Overexpression of Hes 1 and other components of the Notch patway have also been demonstrated in human glioblastomas (Phillips et al. 2006; Kanamori et al. 2007 ). Together, these observations suggest that Tlx is also involved in the regulation of Notch signaling in NSCs and brain tumors, although the detailed mechanisms need further investigation. In addition, we show that the expression of PDGFRa is altered by overexpression of Tlx. These receptors have been reported to be important for NSC regulation in the adult SVZ (Jin et al. 2002; Jackson et al. 2006; Jain et al. 2007 ). Interestingly, infusion of PDGF into the lateral ventricle leads to glioma-like lesions adjacent to the SVZ (Jackson et al. 2006) .
Tlx is expressed by neurospheres that are widely used for studying NSCs in vitro. Overexpression of Tlx leads to production of more and larger neurospheres, with a higher fraction of Tlx-positive cells per neurosphere. These findings suggest that Tlx may be used as a stimulator for NSC expansion in vitro for the therapeutic use of NSC transplantation. Interestingly, the transcriptional factor Hoxb4 has a similar function in hematopoietic stem cells (HSCs); i.e., forced expression of Hoxb4 leads to the expansion of HSCs (Antonchuk et al. 2002) . Taken together, our in vivo and in vitro data strongly implicate Tlx as a key regulator for the regulation of NSC number.
It has been suggested that increased proliferation of stem cells results in their exhaustion (Orford and Scadden 2008) . For instance, loss of p21 leads to loss of neurosphere-initiating cells with aging (Kippin et al. 2005) , and Pten-deficient adult HSCs show a transient increase but long-term depletion of proliferation (Yilmaz et al. 2006; J Zhang et al. 2006 ). It has also been shown that SVZ neurogenesis declines in aged animals (Maslov et al. 2004) . Recently, it was demonstrated that loss of FOXOs, which are known to be important downstream players in the PTEN/Akt pathway, also leads to transient increase but long-term decrease of NSC proliferation (Paik et al. 2009; Renault et al. 2009 ). Interestingly, the higher proliferative activity within the SVZ of Tlx-OE mice persists in aged (2-yr-old) mice; i.e., the proliferation rate in aged Tlx-OE mice was similar to that of young wild-type mice (Fig. 3C ). This finding suggests that overexpression of Tlx counteracts the pathways that are involved in the decline of NSCs. Interestingly, Ink4a expression is increased in SVZ NSCs during aging (Molofsky et al. 2006) , and Ink4a-deficient aged mice have more NSCs than wild-type mice, which is similar to what we found in the Tlx-OE aged animals. We did not observe changes in Ink4a or Arf in Tlx-OE SVZ cells, which suggests that Tlx does not function through the Ink4a pathway. PTEN and p21 are known to be target genes of Tlx (CL Sun et al. 2007; Liu et al. 2008) . Crossing Tlx-CreER T2 mice with mice containing the conditional allele of PTEN results in an adult NSC mutation of PTEN (Liu et al. 2008) , which leads to PTEN inactivation in adult NSCs but does not lead to glioma formation. The tumor appears when p53, a major p21 transcriptional activator, is mutated in addition in adult NSCs (H- K Liu and G Schü tz, unpubl.) . This suggests that Tlx regulates NSC expansion and maintenance through the PTEN and p21 pathway. Interestingly, overexpression of tailless in the fly causes brain hyperplasia and generates supernumery neuroblasts (Kurusu et al. 2008) , indicating that the control of neural progenitor proliferation by the tailless gene is conserved in Drosophila and mice.
The origin of brain tumors
The SVZ has been suggested as the site of origin of brain tumors (Smyth and Stern 1938; Globus and Kuhlenbeck 1942; Vick et al. 1977) . This germinal zone has a unique niche for the maintenance of NSCs in the adult mammalian brain (Doetsch 2003) . Recent advances in BTSCs research indicate similarities between BTSCs and NSCs; for example, the self-renewal ability and multipotency, the expression of nestin and CD133, and the ability to form spheres under certain culture conditions (Vescovi et al. 2006 ). Loss of the tumor suppressors p53 and NF1 in GFAP-expressing cells leads to astrocytoma formation, and the tumors are frequently found close to the SVZ region in this mouse model (Zhu et al. 2005 ). An activated Akt and Ras double mutation introduced into nestinexpressing cells causes glioma formation, also suggesting that neural stem/progenitor cells are more sensitive to be transformed (Holland et al. 2000) . However, the direct contribution of the SVZ NSCs to brain tumor formation has not been demonstrated due to the lack of specific promoters for NSCs.
The similarity between BTSCs and NSCs suggests that important regulators of NSCs may play a similar role in BTSCs. We showed previously that Tlx is expressed exclusively in resident NSCs in the adult mouse SVZ and that it is essential for their generation and maintenance (Liu et al. 2008) . In this study, we show that overexpression of Tlx in NSCs leads to expansion of NSC number and gliomatous proliferative lesions in the aged mouse brain. These lesions appear much earlier upon p53 loss and then often progress to invasive gliomas. Since the BAC-based Tlx transgene is overexpressed exclusively in NSCs, this strongly indicates that these tumors arise directly from the Tlx-expressing NSCs. Further analysis demonstrates that the SVZ stem/progenitor cells migrate out of the SVZ along the white matter and/or blood vessels, which are the typical routes for migrating glioma cells. These results suggest that the diffusely infiltrative phenotype of gliomas and the sometimes multifocal manifestation may be caused by displacement of SVZ NSCs and their growth and expansion in an ectopic niche (Fig. 7E,F) . Loss of p53 accelerates the development of Tlx-mediated brain tumors with early migration of NSCs out of their physiological niche; i.e., the SVZ. The mechanism behind this phenotype is not clear. However, p53 knockout mice do not show these changes, which strongly implies the importance of Tlx overexpression.
Clinical implications
We demonstrated that Tlx is a functionally important NSC marker by the loss-of-function approach (Liu et al. 2008 ). Here we show that overexpression of Tlx leads to expansion of NSCs and invasive glioma development in cooperation with loss of p53. These results, together with the results of Tlx expression in human brain tumors, provide strong evidence for the SVZ as a site for glioma initiation. Strikingly, we also found that some human glioblastomas contain genomic amplifications of the Tlx gene. We showed that Tlx is crucial for self-renewal and maintenance of adult NSCs, since loss of Tlx leads to complete loss of cell proliferation in the adult SVZ (Liu et al. 2008) . Targeting of BTSCs is a major obstacle for glioma therapy, since these cells are supposed to be more resistant to current therapeutic approaches (Bao et al. 2006a) . The similarity of BTSCs and NSCs suggest that they may use similar machinery for their maintenance. Specific expression of Tlx and the importance of this nuclear receptor for brain tumor initiation provide a unique advantage to precisely target Tlx-expressing cells, including BTSCs. This intriguing hypothesis can now be tested with our mouse model, which may allow the development of novel approaches toward targeted brain tumor therapy.
Materials and methods
Animals
Mice were housed according to international standard conditions, and all animal experiments conformed to local and international guidelines for the use of experimental animals. Generation of Tlx-OE mice was processed as described in the Supplemental Material.
The Tlx-null mutant was generated previously in the laboratory (Monaghan et al. 1997 ). p53-null mice were obtained from The Jackson Laboratory and were maintained in a C57Bl6/J background.
Histological analysis and immunohistochemistry
Mice were perfused with 4% paraformaldehyde (PFA) and brains were dissected, followed by overnight fixation in 4% PFA at 4°C. Paraffin-embedded brains were sectioned at 5 mm and were stained with hematoxylin and eosin (H&E). Stained sections were examined by light microscopy. For antibody staining, paraffin sections were deparaffinized and rehydrated, blocked in 5% normal swine serum in PBST (PBS + 0.2% Triton-X 100), and incubated overnight at 4°C with the primary antibody. Further information is included in the Supplemental Material.
Neurosphere cultures
Neurospheres were prepared from adult mouse SVZ (three mice per group) as described (Chojnacki and Weiss 2008) , and the number of primary neurospheres was determined. The RNA from neurospheres was isolated by using the Cells-to-cDNA II Kit from Ambion.
BrdU administration
BrdU (Sigma) was dissolved in sterile NaCl to prepare the 15 mg/mL solution, and mice were injected intraperitoneally with 50 mg kg À1 2 h before sacrifice. For provision of BrdU by feeding, BrdU was dissolved in the drinking water to prepare a 1 mg/mL solution.
RNA purification and real-time PCR
The laser-captured microdissection of the SVZ and the RT-PCR for Tlx was performed as described (Liu et al. 2008) .
Patient samples and microarray-based genomic and expression profiling
A total of 63 tissue samples from patients diagnosed with either primary (n = 41) or secondary glioblastomas were studied for genome-wide DNA copy number alterations applying arrayCGH analysis. All cases were additionally studied for gene expression on the transcript level using oligonucleotide arrays. The tumors were taken from the archives of the Department of Neuropathology, Heinrich-Heine University of Dü sseldorf, and were analyzed in an anonymous manner as approved by the local institutional review board. Further information is included in the Supplemental Material.
